Room temperature ferromagnetic hysteresis is observed in commercial SrTiO 3 substrates purchased from a variety of suppliers. It is shown that the ferromagnetic signal comes from the unpolished surfaces. Surface impurity phases cannot be detected using either x-ray diffraction or energy dispersive x-ray spectra on the unpolished surfaces. However, a possible correlation between surface disorder (xray diffraction peak linewidth) and ferromagnetism is observed. Ar ion bombardment (10keV-90 keV) can be used to produce surface layer disorder but is not found to induce ferromagnetism. Annealing of the substrates at temperatures ranging from 600 to 1100 • C is found to alter the hysteresis curves differently depending on whether the annealing is performed in air or in vacuum. Identical annealing behaviour is observed if the substrates are artificially spiked with iron. This suggests that the ferromagnetic hysteresis of as purchased SrTiO 3 could be due to Fe contamination of the unpolished surfaces. In addition, it is shown that no ferromagnetism is observed in samples that contain 10 19 -10 21 cm −3 of oxygen vacancies if all the faces are polished.
duced in reducing atmospheres 16 , it is important to be aware of how reduction at elevated temperatures affects the magnetic properties of the substrate.
II. RESULTS AND DISCUSSION
A. Bulk or Surface Effect?
STO (100) single crystal substrates were purchased from a variety of suppliers: Alfa Aesar, Crystec , MTI corporation and Semiconductor Wafer Inc. Substrates were purchased in both one side polished (1sp) and two side polished (2sp) form. Extreme care was taken -for example always using teflon tweezers that had never been in contact with stainless steel -to avoid contamination of the samples with magnetic elements 17 . Magnetic moment measurements were performed using a Quantum Design SQUID magnetometer. Some small degree of magnetic hysteresis at 300 K was measured in every single one of the over 50 substrates tested.
To establish whether the hysteresis was a bulk or a surface effect, two sorts of tests were done. HCl and HNO 3 acids were both found to reduce the size of the remanent moment while polishing the unpolished surfaces in stages down to mirror-like smoothness was found to completely remove all traces of FM hysteresis. Energy Dispersive X-ray Spectroscopy (EDX) and X-ray Diffraction Spectra (XRD) were measured on both the unpolished and polished surfaces of the STO substrates. These measurements revealed no significant difference between the polished and unpolished surfaces except that the XRD lines were considerably wider for the stressed and disordered unpolished side of the substrates, as expected 18 . Data for the unpolished surfaces are shown in Fig. 2 which reveal no impurity phases or magnetic elements to the level of sensitivity of these 3 techniques. The peak near 3.7 keV indicates the presence of a small amount of calcium in these substrates.
B. Defect Ferromagnetism
There are at least two possibilities for the FM hysteresis of the unpolished surfaces.
Firstly, it could be due to particles of FM material left from either the diamond saw or wire saw cuts used to produce substrates from the crystal boule, or from handling by the suppliers of the unpolished edges using stainless steel tweezers. At low enough concentration, these particles would not be detected by the EDX and XRD measurements illustrated in A dose of 10 16 90 keV ions produces a huge amount of damage, milling away part of the surface and producing an amorphous layer than can be observed using x-ray diffraction. Fig.   6 (b) contrasts the (002) diffraction peaks from both irradiated and non-irradiated surfaces of the same substrate. Note the creation of a broad peak at lower diffraction angle which is associated with the amorphous layer of thickness roughly 60 nm. For comparison, diffraction peaks in amorphous Si can have widths well over one degree 23 . Note that the main (002) peak of the Ar bombarded side of the crystal is narrower than that of the non-irradiated side.
On the non-irradiated but polished surface, x-rays are scattered from both a surface strained layer plus a less strained region deeper in the crystal. On the irradiated side, the narrow peak represents diffraction from deeper in the crystal than the surface amorphous layer.
More importantly, a lack of magnetic hysteresis was measured after ion bombardment as shown in It is difficult to prove the second hypothesis, in which the FM hysteresis of the unpolished surfaces is due to contamination by FM particles, because of the low particle density. Recall that neither XRD nor EDX spectra illustrated in 
III. DISCUSSION
There has been an on-going discussion surrounding ferromagnetism in magnetic ion free oxides. On one side are those who argue that ferromagnetism is produced by defects in the thin flims 2-8 , while on the other side are those who argue that it is a spurious effect produced by iron contamination 17, 33, 34 . Since some of the strongest claims linking oxygen vacancies and ferromagnetism have been made for TiO 2−δ thin films, it is useful to compare the TiO 2−δ data with the present measurements on single crystal SrTiO 3 .
A summary of the properties of TiO 2−δ thin films grown by a number of techniques on a variety of substrates appears in Table II . The most notable feature of the data is that several groups have found that the saturation magnetization depends on the oxygen partial pressure during film deposition and have also observed that air annealing destroys the ferromagnetism. All these authors have concluded that this is evidence that oxygen vacancies are producing the ferromagnetic hysteresis of the films and one has cited theoretical support 35 for oxygen-vacancy-induced-ferromagnetism in TiO 2 . However, no measurements of oxygen vacancy were actually made in these works.
On the other hand, in the present work, reasonable estimates of oxygen vacancy density can be inferred from the free carrier density measurements made and Fig. 4 shows that sample magnetization is a linear function of applied field even in samples with a large density of bulk oxygen vacancies. It seems very clear that oxygen vacancies do not produce ferromagnetism in STO. The effect of vacuum annealing on STO and TiO 2 is quite similar where oxygen vacancies produce an increase in the electrical conductivity. Hence, the differences in ferromagnetism associated with oxygen vacancies in these two materials must be associated with differences in the Ti-O network where STO contains a network of corner shared TiO 6 octahedra, while there is a combination of edge and corner sharing in rutile. This is not the first work to have shown that commercial substrates without films themselves exhibit ferromagnetic hysteresis. Saturation moments for various substrates as measured by a number of groups are listed in Table III . It is interesting to note that aside from the anomalously large moment measured for LaAlO 3 by Hong et al. 4 , there appears to be a rough correlation between substrate moment and the hardness of the substrate which are all harder than stainless steel. It is difficult to compare the moments of the TiO 2−δ films with the substrates because usually it is the magnetization of the samples, rather than the raw moments that are listed in the papers. However, it is curious that both Yoon et al. This data could be partially explained by iron contamination on the unpolished substrate surfaces. It is also puzzling that Sudakar et al. measure magnetization of films produced by reactive RF sputtering to be ten times less than films produced by pulsed laser deposition.
They suggest that it is because the polycrystalline sputtered films on fused quartz may have less defects than the epitaxial PLD films on LaAlO 3 , but this does not seem convincing.
A simpler explanation could be that different substrates have different amounts of surface contamination. It is also interesting that Yoon et al., found the Curie temperature of TiO 2−δ thin film samples to be 880 K which is close to the transition temperature of γ−Fe 2 O 3 as shown in Table I . The present annealing experiments illustrated in Fig. 3 , which can be explained by the presence of iron on the unpolished surfaces of substrates, raise the possibility that the supposed dependence of saturation moment on oxygen partial pressure in the TiO 2 films might be the response of the substrates themselves.
IV. CONCLUSIONS
Ferromagnetic hysteresis with a saturation moment of the order of 5 × 10 −5 emu/cm 2 is regularly observed in STO (001) substrates with 1 or 2 sides polished as purchased from a variety of suppliers. Oxygen vacancies do not appear to be associated with ferromagnetism in STO nor can a magnetic moment be created by Ar ion bombardment. Reduced STO is not a system where FM and superconductivity coexist. In the as purchased samples, the hysteresis is associated with the unpolished surfaces and is likely due to Fe contamination from handling with stainless steel tweezers or the diamond or wire saw cuts rather than oxygen vacancies or other lattice defects. It is possible that all single crystal substrates used for thin film growth contain ferromagnetic iron or iron oxide on the unpolished surfaces.
Polishing and simple acid washes can remove the weak ferromagnetic signal. Extreme care must be taken in handling samples to avoid contamination and to interpret magnetic data measured on thin films grown on STO substrates with unpolished surfaces. One possible application of the results of this paper is for thin film growers using STO substrates. By annealing at high temperature before film growth, all traces of the ferromagnetic signal of the substrate can be removed giving film growers confidence that any subsequent ferromagnetic signals are due to the films themselves. It may also be of interest to further study iron implantation as a way to produce ferromagnetic surface layers in a controlled manner. * Electronic address: dcrandles@brocku.ca MOD signifies metal-organic decomposition. RRFS signifies reactive radio frequency sputtering.
a Annealing in O2 for 8h at 650 C destroyed the FM. b The substrates were held at 27 • C for RF sputtering in an oxygen partial pressure of 1.5 mTorr using Ar as the sputtering gas. These films were then annealed at 900C in vacuum to obtain rutile structure. 
